The strategy to perform nanoscale studies of the initial stages of oxidation of TiAl involved first gaining some information on the electronic structure of pure TiO 2 surfaces and then on TiAl surfaces before and after oxidation both in low-and high-oxygen potentials. Both materials were studied in atomically-cleaned states generated by repeated sputtering and heating. It was found that the oxygen vacancies created additional defect states in the band gap of stoichiometric TiO 2 . The results obtained on TiO 2 were used as fingerprints to study the oxide nucleation. The results on the initial stages of oxidation of TiAl confirm the nucleation of Ti 2 O 3 islands of nanometer size and monolayer height in a low-oxygen-pressure environment, whilst a TiO 2 layer developed in an atmospheric environment. The ledges on atomicallycleaned surfaces usually acted as nucleation sites.
INTRODUCTION
γ -TiAl-base intermetallics -with a low density in combination with a range of mechanical properties -are candidates for applications in advanced aerospace and terrestrial components both in monolithic and composite concepts. [1] [2] [3] Recent research and development efforts on such intermetallics have resulted in considerable improvement in their mechanical and metallurgical properties. [4] [5] [6] [7] Intermetallic materials with improved properties -superior specific stiffness and strength, over conventional titanium-base alloys in the intermediate-temperature range 600-800 • Chave been developed. Among other properties, high-temperature strength (up to 800 MPa UTS at 700 • C), creep resistance (typically primary ∼1% strain after 500 hr and secondary ∼15×10 −10 s −1 ) and fatigue resistance (typically 480 MPa runout following turning and 730 MPa after high speed milling) make γ -titanium aluminides ideal materials for weight-critical components subject to medium temperatures (up to 800 • C) and fluctuating stress. The main advantage for the use of γ -TiAl is weight saving as it is typically half the density of alternative nickel-base superalloys. High stiffness (∼130 GPa at 700 • C) is a further advantage. However, their relatively poor oxidation performance and their susceptibility to high-temperature corrosion limit the use of γ -titanium aluminides at high temperatures (> 800 • C). At these temperatures, titanium aluminides will be subjected to severe environmental attack, particularly oxidation during service. In order to improve the high-temperature-oxidation behavior of γ -titanium aluminides either by alloying or by applying protective coatings, it is essential to understand the corrosion mechanisms responsible for their environmental response.
In general, it is difficult for a protective Al 2 O 3 scale to form on a Tibase alloy and TiAl, instead multi-layered scales composed of TiO 2 and Al 2 O 3 form. [8] [9] [10] [11] Such scales grow mostly parabolically with exposure time and consist of two or even three layers, generally an outer layer of rather pure TiO 2 and an inner layer of a finely dispersed mixture of TiO 2 and Al 2 O 3 . 10-13 A third intermediate layer enriched in Al 2 O 3 may also occur. 10 The difficulty of forming a continuous, compact and adherent Al 2 O 3 scale is attributed to the close affinities of Ti and Al to oxygen so that both compete in developing relevant oxides. A further problem relates to the formation of an oxygen-embrittled zone beneath the oxide scale, which in such alloys would compromise the corrosion protection. Early studies reported this embrittled layer as α 2 -Ti 2 Al, 14 but more recent studies would support the formation of an oxygen-containing cubic intermetallic phase Z-Ti 50 Al 30 O 20 . 15 This oxygen-containing intermetallic degrades the mechanical properties of γ -TiAl in high-temperature service.
It is reported 13, [16] [17] [18] [19] [20] [21] [22] that oxidation of TiAl intermetallics in air can be significantly faster than in oxygen because air impedes the formation of a protective Al 2 O 3 scale. When TiAl alloys oxidize in air it is likely that nitrides will develop. However there are only a limited number of papers 23, 24 which reported the formation of titanium nitrides in the subsurface zone beneath the oxide layer.
Clearly, these issues need attention in order to achieve the development of protective-scaling kinetics in TiAl-base intermetallics. Nanoscale studies of the early stages of the oxidation behavior of TiAl allow fundamental information on the scaling processes to be obtained. Such information is necessary to develop structure-based, alloy-design methodology. In order to carry out such an investigation scanning-tunnelling microscopy (STM) and associated techniques were employed in this project.
The principles of STM are well established and well known. [25] [26] [27] Briefly STM is based on the quantum-mechanical principles which allow tunnelling of electrons across the potential barrier formed between two electrodes. The equipment consists of a voltage-biased tip, which scans the specimen -the tip constituting one electrode and the specimen forming the other electrode. The use of STM permits the following modes of operations: [25] [26] [27] • In the constant-current mode the tip scans the surface and produces an image of the surface topography. • STM allows current-imaging-tunnelling spectroscopy (CITS) of the surface giving the current/voltage (I /V ) curves. Differentiation of the I /V curves provides information on the local electronic density of states (LDOS) defined as the number of electronic states in the energy range between E and E + E. The LDOS gives compositional and crystallographic information on the surface, which allows identification of the surface films formed, e.g. oxides on the surface. • STM allows determination of the work function ( ), i.e. energy required to remove electrons from the Fermi level. As the work function changes with the surface composition, the measurement of can be used to distinguish between a metallic and an oxide surface.
A two-stage strategy was used in this program. The first stage involved STM investigation of TiO 2 in order to establish fingerprints for the identification of the products formed during oxidation of TiAl. In the second stage a Ti-Al intermetallic alloy was studied by STM after repeated sputtering and heating both in low-and high-oxygen-potential environments. This method allowed the investigation to be carried out on atomically-clean surfaces. This paper discusses the implications of such studies in relation to the oxidation of a TiAl-base material.
EXPERIMENTAL PROCEDURES
The TiO 2 material studied was a single crystal with the (110) orientation supplied by Pi-KeM UK. The intermetallic alloy, Ti-46.7Al-1.9W-0.5Si (at%) used in this study was supplied by ABB Switzerland.
The experimental material, Ti-46.7Al-1.9W-0.5Si (at%) was supplied in the form of rod with a diameter of 22 mm. The rod was machined to remove the surface crust and then cut into coupons 10 × 3 × 1 mm. The sample surfaces were ground on emery papers and then polished down to 1 µm using diamond paste. The polished specimens were cleaned using an ultrasonically-agitated, multistage cleaning line which consisted of a series of aqueous alkaline detergent baths, tap-water rinse stages, de-ionized-water rinse stages, acetone cleaning and hot-air drying.
The experiments involving scanning-tunnelling microscopy/scanningtunnelling spectroscopy/current-imaging-tunnelling spectroscopy were performed at room temperature with a commercial VT-STM/atomic-force microscope (AFM) system in UHV condition (Omicron GmbH, Germany) equipped with low-energy electron diffraction (LEED)/Auger spectrometer (SPECTALEED) and sputtering gun (ISE 5). During the STM/STS/CITS measurements the base pressure was 2 × 10 −10 mbar. The tips used were prepared by mechanical cutting from 90%Pt-10%Ir alloy wires.
In the CITS mode, the I /V curves were recorded simultaneously with a constant-current image by the interrupted-feed-back-loop technique. The experimental parameters chosen for the CITS measurements were +2.5 V for sample bias and 1 nA for tunnelling current set point and ±2 eV for the energy range of the spectroscopy. Based on these measurements the first derivative of the tunnelling current with respect to voltage (dI /dV ) was calculated. Normalizations of the dI /dV spectra were carried out using the method proposed by Feenstra, 28 where the differential conductance was divided by the total conductance, i.e. (dI /dV )/(I /V ). The (dI /dV )/(I /V ) quantity is a measure of local density of states of the surface. 28 The divergence problem in the case of (dI /dV )/(I /V ) was overcome by applying some amount of broadening ( V ) to the I /V values. 29 In all the cases V = 1V value was chosen. The details of the experimental processes used here have been given in previous papers. [30] [31] [32] [33] [34] Figure 1 shows the bulk geometric structure of rutile (TiO 2 ) that comprises Ti 4+ and O 2− ions. Each Ti 4+ ion is coordinated to an octahedron of six O 2− ions in the bulk crystal, while oxygen octahedra left vacant form a channel along the [100] axis. Rutile has a tetragonal crystal structure (D 19 4h − P 4 2 /mnm) with lattice constants of a = b = 0.4584Å, c = 2.953Å. 35 The AFM topography of TiO 2 (110) in the as- received condition displaying a very flat but disordered surface is shown in Fig. 2 .
RESULTS AND DISCUSSION

Studies of TiO 2
The development of terraces, which occurred after many cycles of heating and sputtering at various temperatures, is demonstrated in Fig. 3 . Atomic-layer steps of 0.32 nm, as expected from the geometric structure, separate the terraces.
Further annealing at 700 K produced the (1 × 1) superstructure on the TiO 2 (110) surface. The (1 × 1) superstructure contains two types of oxygen atoms, i.e. atoms at bridge and in-plane positions, and two types of titanium atoms which are 5-and 6-fold coordinated. Oxygen atoms bridging and covering the 6-fold coordinated Ti atoms form ridges along the [001] axis. The 5-fold coordinated Ti atoms are exposed to the surface. Thus the (1 × 1) superstructure consists of alternative rows of the exposed Ti atoms and the bridging O ridges. The O ridges and Ti rows are aligned with a 0.65 nm separation, respectively, as shown in Fig. 4 . The STM images showing the (1 × 1) superstructure of TiO 2 (110) surface exhibiting bright atomic rows parallel to the [001] direction and separated by about 0.7 nm are presented in Fig. 5 . The images were recorded at a positive sample bias of 1 V, thus corresponding to unoccupied electronic states.
Interpretation of the STM images requires a basic knowledge of the electronic structure of TiO 2 that is presented in Fig. 6 . The diagram illustrates several important points:
• the valence band (VB) can be decomposed into three parts. VB1: the σ bonding of Op σ (i.e. oxygen σ bonds formed from p orbitals) and Ti e g (i.e. titanium d orbitals with e g spatial symmetry) states in the lower-energy region. VB2: the π bonding of the Op π (oxygen π bonds formed from p orbitals) and Ti e g states in the middle of the energy region. VB3: the Op π states in the higher-energy region.
• the conductance band (CB) can be decomposed into two parts.
CB1: the bottom of the lower CB consists of Tid xy orbitals contrib-
uting to the metal/metal interactions due to the σ bonding of the Ti t 2g -Ti t 2g (i.e. bonds between titanium d orbitals with t 2g spatial symmetry) states. CB2: the upper CB consists of σ * antibonding between the Op π and Ti e g states.
The STM images presented in Fig. 5 were recorded at a positive sample bias (1 eV above the Fermi level), i.e. the lower conductance band was probed. From the diagram presented in Fig. 6 it is clear that the lower conductance band consists of Tid xy orbitals contributing to the metal/metal interactions due to the σ bonding of the Ti t 2g -Ti t 2g states. These states are localized on the 5-fold coordinated Ti atoms exposed at the surface. As a result Ti atoms were imaged by STM as bright rows, although the Ti atoms are located 0.11 nm below the bridging oxygen atoms. It confirms the well-known fact that STM does not show an atomic structure of the surface in a crystallographic sense, but rather an atomic structure of the surface, which is strongly affected by the local electronic structure. The simple band-energy diagram (Fig. 6 ) helps to explain the STM images of the TiO 2 (110)-(1 × 1) surface. However the real electronic structure of the reduced surface is more complicated as presented in Fig. 6 . On this surface it is expected that additional extrinsic surface states are located below the Fermi level, i.e. d and D surface states -see Fig. 7 . These states are attributed to the fact that TiO 2 (110) is a large band-gap binary oxide and small deviation from stoichiometry causes the presence of doubly-ionized donor-type oxygen vacancies as the predominant type of bulk defects, which is consistent with the reported literature. 36 As a result TiO 2 is an n-type semiconductor with electrons as the major charge carriers. 37 The origin of the d state (1 eV below the Fermi level) can be attributed to the presence of a high density of Ti 3+ ions, which start to interact with each other and lead to the formation of Ti 3+ pairs. 38 This process is interpreted in terms of a surface-phase transition. The D state (0.7 eV below the Fermi level) starts to appear when the density of Ti 3+ pairs increases, and small areas of Ti 2 O 3 on the surface are formed. 38 The typical (dI /dV )/(I /V ) curves recorded over the TiO 2 (110)-(1 × 1) region are presented in Fig. 8 . In all cases the bias voltage values correspond to the energy of the state relative to the Fermi level of the sample. It is clearly observed that the curves show the presence of two distinct surface states, i.e. the d state at an energy of ∼1.1 eV and the D state at an energy of ∼0.65 eV. The energies of the d and D states estimated from the tunnelling-spectroscopy measurements are in good agreement with the previous results recorded on the reduced TiO 2 (110) surface by Ultraviolet-Photoemission Spectroscopy (UPS) and Resonance-Photoemission-Spectroscopy (ResPES) measurements. 39, 40 During the STS experiment it was established that the d state is observed more frequently on the surface in comparison with the D state. Thus the d state can be treated as a signature for the reduced Ti0 2 (110) surface. Figure 9a displays the STM topography of as-received TiAl, the step height being 20 nm. The formation of steps after 5 cycles of heating (3 hr at 800 • C) and argon sputtering is shown in Fig. 9b . The (dI /dV )/(I /V ) curves recorded on a clean TiAl surface ( Fig. 10 ) clearly demonstrate metallic characteristics which are rather typical for alloys.
Studies of Initial Stages of Oxidation of TiAl
Following oxidation at room temperature with 100-Langmuir oxygen, the TiAl surface with well-developed terraces, ledges and kinks, shows islands of nanometer size and monolayer height (Fig. 11) . The tunnelling-spectroscopy results recorded on the islands clearly show the semiconducting character and peaks at ∼1 eV below the Fermi level (SS) on the normalised dI /dV curves - Fig. 12 . The (dI /dV )/(I /V ) curves resembling the #1 curve recorded on the TiO 2 (110)-(1 × 1) surface (see Fig. 8 ). Thus, the existence of the SS state on the oxidized TiAl can be attributed to the presence of high density of Ti 3+ ions, which start to interact with each other with the formation of Ti 3+ pairs. This indicates the presence of a Ti 2 O 3 scale on the TiAl surface at early stages of oxidation of a clean TiAl surface.
The surface morphology of the TiAl alloy after exposure to atmospheric environment is shown in Fig. 13 . The I /V curve recorded on this surface (Fig. 14a) shows asymmetric shape, and the tunnelling current is higher for the positive polarization of the sample than for the negative voltage of the same value. Furthermore, a well-defined suppression of the tunnelling current, i.e. presence of the I (V ) ≈0 region in the −1.5 ÷ 0.8 eV energy range, is observed. This type of asymmetry and suppression of the tunnelling current can be explained by the presence of crystalline TiO 2 on the surface as amorphous TiO 2 can be regarded as a 3 eV band-gap binary oxide (suppression of the tunelling current) with the Fermi level shifted towards the valence band (asymmetry of the tunnelling current). Moreover, any surface states (D, d) on the (dI /dV )/(I /V ) curve is not observed as demonstrated in Fig. 14b . It is apparent that Ti 2 O 3 does not exist on the surface of the exposed TiAl alloy.
The formation of Ti 2 O 3 at low-oxygen potentials and TiO 2 at ambient-oxygen potential can be predicted from the thermodynamic point of view. When TiAl is exposed to oxidizing environments, the following possible reactions could occur:
The standard free energies for reactions (1) and (2) can be ascribed as: 
where K 1 and K 2 are the equilibrium constants for reactions (1) and (2) and R is the gas constant. For both reactions, the values of standard free energies ( G o T ) are 1468.38 kJ/mole and 858.45 kJ/mole at room temperature (298 K) and 733.02 kJ/mole and 1275.53 kJ/mole at 1023 K. 41 In the present situation ascribing unit activities to Ti 2 O 3 and TiO 2 the minimum activities of Ti required to form Ti 2 O 3 and TiO 2 at 298 and 1023 K against the oxygen partial pressure (pO 2 ) can be plotted as shown in Fig. 15 . It is apparent that Ti 2 O 3 would preferentially develop in lowoxygen partial pressures, whilst TiO 2 is the favorable product in high-oxygen potentials at both room and high temperature. The thermodynamic prediction is consistent with the STM experimental results. With increasing experimental temperatures, the same prediction is valid, but the critical oxygen partial pressure is increased.
CONCLUSION
1. Oxygen vacancies created defect states in the band-gap of stoichiometric TiO 2 . 2. During the initial stages of oxidation of TiAl, oxidation started at the ledges, and islands of oxide were formed. 3. Nucleation of Ti 2 O 3 occurred at low-oxygen partial pressure, whilst TiO 2 formed at high-oxygen partial pressure.
